Cyclic behavior of AZ31B spot-welds was studied using different specimen configurations, and compared with steel and aluminum spot-welds. Fatigue strength of magnesium spot-welds was similar to aluminum and less than steel. Three failure modes were observed in tensile-shear specimens and one mode of failure in cross-tension specimens. Fatigue crack initiation life was 50% and 30% of the total life for tensile-shear and cross-tension specimens, respectively. A number of available fatigue models were assessed by predicting fatigue life of magnesium spot-welds. Although these models do not account for the asymmetric cyclic hardening behavior, some of them performed successfully for magnesium spotwelds.
1 Fatigue characterization and modeling of AZ31B magnesium alloy spot-welds
Introduction
Magnesium (Mg), with the lowest density among engineering metals, has attracted significant attention in the automotive industry. The trend in the average Mg usage per car has been rapidly increasing from 3 kg in 2005 to 20 kg in 2010, and is projected to reach 50 kg in 2015 [1] . Almost all Mg 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 alloys being used in this industry are in non-structural components, which are mostly in the form of castings [1, 2] . To achieve its role as a major material, the application of Mg to load bearing components is necessary. It is therefore essential to examine the merits of components made of Mg under both static and cyclic loads. Wrought Mg alloys in general have superior mechanical properties compared to cast alloys [3, 4] . Therefore, wrought alloys are widely investigated as an alternative material for load-bearing automobile parts. AZ31 is the most common wrought Mg alloy in industry [5] , with diverse applications in aerospace, military, automotive, and computer industries [6] .
From a joining perspective, resistance spot welding (RSW) is the predominant joining technique in automobile body assembly lines [7] . Owing to the new interest of the automotive industry in Mg, several studies have been performed on the application of RSW process to Mg alloys. These studies can be categorized into two major groups: Mg-to-Mg similar joints and Mg to other metal (dissimilar) joints.
Investigations of Mg-to-Mg RSW similar joints deal with different aspects of weld characterization, e.g., effect of surface condition on RSW strength [8] , effect of welding conditions on microstructure and static strength of spot-welds [9, 10] , and nugget growth simulation [11] . Work on magnesium RSW dissimilar joints have mainly focused on Mg-to-steel and Mg-to-aluminum, as they are the dominant metals in automobile body fabrication [12, 13] .
Service reports of automobiles show that a major portion of structural durability issues are related to spot-welds [14] , which is due to the fact that spot-welds act as stress concentration sites, and are therefore more susceptible to fatigue failure. As a result, studying the fatigue behavior of spot-welds is of great significance. Published research available regarding fatigue characterization of RSW of Mg alloys is limited to a very few studies. Behravesh et al. [15, 16] investigated the effect of nugget diameter on fatigue resistance of spot-welds, and showed that fatigue resistance within low cycle fatigue (LCF) regime may be enhanced by increasing nugget size; however, this effect diminishes in the high cycle fatigue (HCF) domain [15] . Depending on the cyclic load level, three different failure modes may occur in fatigue testing: interfacial, partially-interfacial and coupon failures [15, 16] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 Many researchers have focused on developing models to estimate the fatigue life of spot-welds. The main approaches in these models include: fracture mechanics [17] , structural stress [18] , and local strain [19] . The fracture mechanics approach considers a measure of stress intensity factor (SIF) or J-integral as the fatigue damage parameter, and relates this parameter to the fatigue life or the crack growth rate. The structural stress approach neglects the effect of any stress concentration, and calculates a measure of stress by superposing the effects of different forces and moments at the spot-weld. The structural stress is taken as the factor which controls the fatigue failure. The local strain approach, in contrast to the other two approaches, considers a spot-weld as a blunt notch with a finite radius. A measure of local strain at the spot-weld edge is usually assumed as the damage parameter in this approach.
Available fatigue models for spot-welds have been verified for steel and aluminum with symmetric tension-compression hardening behavior. Due to the asymmetric cyclic behavior of wrought Mg alloys, applicability of these models must be examined for Mg spot-welds. To the best of authors' knowledge, there is no published work available for fatigue modeling of magnesium spot-welds.
The present research was aimed at characterizing the fatigue behavior of AZ31B and its spot-welds from a macroscopic point of view. Cyclic behavior of AZ31B was examined through fatigue testing.
Fatigue strength and modes of failure under cyclic loading were studied on spot-welded specimens in tensile-shear and cross-tension configurations. Different approaches for fatigue modeling of spot-welds were introduced and one fatigue model based on each approach was reviewed and examined for magnesium spot-welds. Investigated fatigue models were correlated with experimental data.
Material and Specimens
The material investigated in this research was AZ31B-H24 hot-rolled magnesium sheet. The sheets were provided by Magnesium Elektron of North America (MENA) in 2 mm and 4 mm thicknesses. The chemical composition and mechanical properties are shown in Table 1 and Table 2 , respectively [15] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 Fatigue testing of the base metal was performed on sub-size specimens to prevent buckling during compressive reversals. For the same reason, the specimens were machined from a sheet with 4 mm thickness. Common geometries for flat specimens, recommended in the ASTM standard [20] , are straight throughout the reduced section. Monotonic tensile and especially fatigue testing on standard specimens
showed that many of them failed under the extensometer knife edge, or even outside the gage length, due to the uniform stress distribution all along the reduced section. Therefore, the specimen geometry shown in Figure 1 , which has a continuous curvature within the reduced section, was adopted in this research for fatigue testing.
Two types of spot-welded specimens were investigated in this research: tensile-shear (TS) and crosstension (CT). Two different designs for the TS specimens were employed, as shown in Figure 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 The design of the narrow TS specimen, Figure 2 (a), is according to the American Welding Society (AWS) standard [21] and resistance welding manual [22] . The wide TS specimen geometry, Figure 2 (b), is more common in the literature. To compensate for the coupons' offset and prevent initial bending of the specimens, two spacers with the same thickness as the coupons were attached to the ends of the TS specimens. Figure 3 illustrates the design of the CT specimens, which is in accordance with the resistance spot welding manual [22] .
Five sets of spot-welded specimens in TS and CT configurations were prepared with an AC spotwelding machine. Different welding parameters were used to achieve different spot-weld nugget Table 3 summarizes the specifications of the specimens and the coding. Nugget sizes were measured after monotonic testing as the average diameters of the bonding area, along and perpendicular to the loading direction. The work by Behravesh et al. [16] provides a detailed discussion of the effect of process parameter on static and fatigue performance of Mg spot-welds.
Experimental Work

Testing procedures
Fatigue testing of the base metal, AZ31B-H24, was conducted on the specimen shown in Figure 1 .
Engineering strain was measured using an extensometer with 6 mm gauge length and ±0.8 mm travel.
Fatigue testing was performed in strain-control mode for approximately 10 4 cycles, and then stopped and switched to load-control mode, once the load response had stabilized. The main reason for controlling the load was to increase the frequency. The testing frequency was 0.1-0.15 Hz and 3-10 Hz for strain-and load-control testing, respectively. The tests were run in the fully reversed loading condition, i.e., the strain ratio, R, was -1 (R=L min /L max , where L min and L max are minimum and maximum loads, respectively). Fatigue testing of spot-welded specimens was performed on the specimen sets shown in Table 3 .
Fatigue tests were conducted under load-control with a load ratio R=0.2; except for specimen set F for which R=0.1. A sinusoidal waveform was applied and the loading frequency was between 2 and 30 Hz depending on the load level. Final separation of coupons was considered as failure. Tests were stopped after 10 7 cycles and considered run-outs. The load and cross head displacement histories, number of cycles, as well as the failure modes were recorded in all fatigue tests. Figure 4 illustrates the second and half-life hysteresis loops for different strain amplitudes. This figure reveals a number of features of the cyclic behavior of AZ31B-H24.
Results and discussion
Base metal
First, comparing the second and the half-life hysteresis indicates that the material shows some cyclic hardening behavior, in terms of tensile or compressive peak stresses. Narrower hysteresis loops for the stabilized cycle compared with the second cycle confirms this.
Dissimilar peak stresses in tension and compression, even though the strain amplitude is symmetric, is an attribute of AZ31B sheet under cyclic loading. The unusual asymmetric shape of the hysteresis loop is pronounced, especially at higher strain amplitudes, where plasticity prevails.
Another cyclic feature is that in the loading reversal, i.e., from compression to tension, there is a distinct "inflection point" where the slope of the hardening curve starts increasing. Similar to other asymmetric cyclic features, the inflection point is more distinguishable at high strain amplitudes. This inflection point did not appear on the unloading curve in this study, even at the highest strain amplitudes.
However, other experimental results for very large strain amplitudes, e.g., 3.5%, reveal an inflection point on the unloading reversal [23] . 
Spot-welds
A. Load-life curve
Fatigue testing of spot-welded specimens resulted in the raw data shown in Figure 5 . The load-life curves shown in this figures were obtained from a bi-linear regression fit using a log-log scale.
Comparing the load-life curves corresponding to TS specimens, i.e., sets A, C, and E, reveals that enlarging the nugget size has insignificant effect on fatigue strength (in terms of load range). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 Comparison between specimen sets A-E and set F indicates that increasing the coupon width and decreasing the mean load improve the fatigue strength for LCF, and this effect gradually diminishes for HCF. Fatigue test results on CT specimens, i.e., set G, show a significant drop in fatigue strength as compared to TS specimens with the same nugget size, i.e., sets E and F. This observation demonstrates that cyclic loading normal to spot-welds is more destructive than shear dominated loading. The endurance limit is 0.34 kN, 0.44 kN, 0.48 kN, 0.72 kN, and 0.16 kN for specimen sets A, C, E, F, and G, respectively. Similar effects have been reported for steel [26] and aluminum [27] . However, a recent study reported that increasing the nugget size resulted in decreasing the fatigue strength of spot-welds in AISI304 stainless steel [28] . Figure 6 shows a comparison of fatigue strengths (in terms of load range) for magnesium, aluminum [29, 30] , and steel [31, 32] spot-welds in the TS configuration. 
Run-out G   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   10 The load-life data for aluminum and steel alloys was obtained from the literature so that the ratio and R-ratio are close to those for magnesium spot-welds (set A). This figure demonstrates that spot-welds of high strength steel alloys (DP600, TRIP600, and HSLA340) have significantly higher fatigue strength than magnesium and aluminum spot-welds. The large difference within the LCF regime can be attributed to different modes of failure. Magnesium and aluminum [30] spot-welds fail in an interfacial mode, while steel spot-welds fail from the heat affected zone (HAZ) [31] , due to the high strength in the fusion zone (FZ). In the HCF regime, coupon failure is the common mode of failure for all alloys (fatigue failure modes for Mg spot-welds will be discussed in detail in the next section). Superior fatigue strength of steel spot-welds in the HCF regime can be related to higher strength in the HAZ. Aluminum alloys (Al5182 and Al-Mg-Si) and AZ31 Mg alloy exhibit overall comparable fatigue strength; aluminum spot-welds have higher strength for HCF and magnesium spot-welds are expected to perform superior in LCF, due to a higher static peak load [25] .
B. Failure modes
The TS spot-welded specimens failed in three different failure modes under cyclic loading: interfacial, partially-interfacial, and coupon failures. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 In the interfacial failure mode, Figure 7 (a), a crack initiated from the nugget edge in the load-bearing side of the nugget. The crack then propagated through the nugget until complete separation of coupons, while the crack also grew through the coupon thickness. Therefore, the fatigue strength in this mode of failure mainly depends on the size and strength of the nugget. This failure mode was observed only when a very high cyclic load was applied.
Coupon failure, shown in Figure 7 (c), is the most common mode of failure in TS specimens. In this failure mode, a crack started either from the base metal or from the interface of the base metal and HAZ, depending on the load level. The crack then propagated through the coupon thickness and extended perpendicular to the loading direction, until the coupons were separated. Fatigue life is therefore independent of nugget strength, but rather depends on cyclic loading level and dimensional parameters, such as coupon width and sheet thickness. Coupon failure was observed at lower loads, in the intermediate and HCF regimes.
Partially-interfacial failure rarely occurred under cyclic loading as a transition between interfacial and coupon failures. Cracks in this mode, as shown in Figure 7 (b), nucleated from the same location as for interfacial failure, and grew first inside the nugget and then through the sheet thickness, following the bonding area. It can be seen that, similar to interfacial failure, there was another crack in this mode through the thickness, which was not as critical as the main crack. This mode of failure was observed in a   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   12 narrow region between very low and low cycle regimes, i.e., when fatigue life was between 3×10 3 and 10 4 cycles.
The CT spot-welded specimens failed only in button-pullout mode, as shown in Figure 8 . The fatigue crack in this failure mode started from the nugget edge, on the gripping sides of one coupon, and propagated through the sheet thickness, following the FZ and around the nugget. The spot-weld nugget was left on one coupon and a hole on the other after the coupons were separated. The specimens that failed within the LCF regime exhibited button-pullout failure in both coupons, Figure 8 (a). However, the CT specimens in HCF failed in button-pullout mode, Figure 8 (b).
C. Crack initiation
Fatigue crack initiation is a progressive phenomenon during which slip deformation happens within several grains under cyclic loading reversals. As they are the weakest, surface grains are more prone to slip plastic deformation. The slip deformation which happens in a cyclic loading reversal is not recovered when loading is reversed; rather, reverse slip occurs in adjacent planes [33] . As a result, fatigue loading forms extrusion/intrusion pairs at the metal surface. Slip plane intrusions are stress concentration sites from where surface fatigue cracks may initiate [34] .
Practically, there is no unique definition for fatigue crack initiation. This inconsistency is more evident for welded specimens/structures, especially RSW in which the crack initiation location is not visible.
Crack initiation in some studies is assumed when the crack reaches the length of 0.25 mm [35, 36] or 18%   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 of the sheet thickness [17] . Crack initiation is related to compliance in some other research [37, 38] .
Fatigue crack initiation in the current research was considered as a 5% increase in non-dimensional compliance as proposed by the Ford motor company. The compliance, , was defined [39] as ,
where is elastic modulus, is sheet thickness, is displacement amplitude, and is load amplitude.
Therefore, to obtain the crack initiation life for a specimen, compliance should be calculated for the entire test and plotted versus loading cycles. Figure 9 schematically represents the compliance curve and how the fatigue crack initiation life is measured.
By following this procedure, crack initiation life was found for all the experimental points shown in Figure 5 . The results for crack initiation life were normalized by the total life to demonstrate the contribution of crack initiation over different ranges of the fatigue life. Figure 10 illustrates the results for various RSW specimen sets. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   14 This graph shows that for cycles, crack initiation life for magnesium spot-welds in TS configuration (sets A to F) and CT configuration (set G) was around 50% and 30% of the total life, respectively. This fraction increased at higher lives such that for run-out tests, i.e., cycles, the crack initiation life was equal to the total interrupted life.
Fatigue Modeling
Fatigue modeling theories
Numerous models have been developed for predicting the fatigue life of spot-welds. These models can be categorized into three major groups: fracture mechanics, structural stress, and local strain approaches.
An introduction to these approaches is given in the following sections, and a well-known fatigue model from each approach is explained. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   15 In the past four decades, several researchers have considered the spot-weld as a crack-like slit based on some experimental observations and simplifications. The RSW process produces a circular joint between two or more sheets with a notch at the spot-weld edge. Figure 11 displays the edge notch in a magnesium spot-weld. Because the notch radius is small compared to the sheet dimensions, the spot-weld in some studies is considered a sharp notch. Therefore, the spot-weld is treated as a circular region surrounded by a pre-existing crack.
Fracture Mechanics Approach -Swellam's Model
Fatigue failure, in general, consists of fatigue crack initiation and crack propagation processes. For the case of smooth specimens and blunt notched components, where the crack initiation process dominates, fatigue life is closely related to the material strength [40] . However, fatigue life in sharp notched and cracked components is controlled by crack propagation and is insensitive to material strength [41] .
Experimental results for steel spot-welds demonstrate that the base metal strength has an insignificant effect on the fatigue life [26, 40] . These observations support the idea that spot-welds are crack-like flaws, and fracture mechanics is the appropriate approach for fatigue modeling.
The fracture mechanics approach considers a measure of stress intensity factor (SIF) or J-integral as the fatigue damage parameter, and relates this parameter to the fatigue life or the crack growth rate.
The fracture mechanics approach has a number of advantages and drawbacks. The main advantage of this approach is that the crack propagation process may be closely followed. A drawback of this approach is that the nugget edge is considered as a crack and therefore crack initiation life is assumed insignificant, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 which is not supported by experimental observations and analysis. The work by Swellam et al. [17] showed that crack initiation life in spot-welds of a low carbon steel overwhelms the crack propagation life in the high cycle fatigue regime, i.e., cycles. McMahon et al. [35] demonstrated that up to 55% of the total fatigue life of spot-welds can be consumed by crack initiation. This ratio in the work by Sheppard et al. [36] is 30%. Another deficiency associated with the fracture mechanics approach is that the formulations are based on the assumption that the crack is along the faying surface; however, it has been shown that through-thickness cracking is more common for TS specimens [16, 26, 27, 31] .
Moreover, the SIF formulations are mostly dependent to loading/specimen configurations; therefore, they are not applicable to structures under complex loading.
Swellam et al. in 1992 [17] proposed a fatigue model for predicting crack propagation life for spotwelds based on the fracture mechanics approach. In this model, the effects of modes I and II loading were taken into account. The spot-weld was considered under a general applied load, F, as shown in Figure 12 .
Resultant forces and moments, including axial load, , shear load, , and bending moment, , at the spot-weld center, were found from static equilibrium of a coupon. The stress intensity factors for two half spaces joined by a circular region were used in this study, ,
,
where is the nugget radius. The equivalent mode I SIF, , was defined as , in which is an empirical material constant, which reflects the material's sensitivity to mode II loading.
Experimental results from two or more different spot-weld specimen configurations are required to obtain . Some of the specimen sets must involve only the mode I SIF (such as cross-tension or coachpeel configurations), and some other specimens must reflect only the effect of mode II or a combination of modes I and II SIFs. The parameter is found such that the best correlation is achieved for equivalent stress intensities, when plotted versus the fatigue life for all specimen configurations.
A geometrical correction factor, , was defined to incorporate the effects of specimen and nugget size ,
where is the sheet thickness, and is the specimen width. To account for geometrical factors and load ratio, , the general stress intensity parameter, , was defined as (6) and considered as a damage parameter. The SIFs and the damage parameter were assumed constant, i.e., independent of the crack length during the course of cyclic loading. Therefore, fatigue life was obtained from
where and are material constants for Swellam's model. These coefficients are obtained by fitting a linear trend line to curve, .
Therefore, the constants are determined by knowing the slope and intercept of the trend line, .
Swellam's model was evaluated in this study by predicting the fatigue life for magnesium spot-welds in TS and CT configurations. Taking advantage of the simple specimen geometry, resultant loads at the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   18 spot-weld center were determined from hand calculations; hence, no finite element (FE) modeling was required for damage parameter calculation.
Structural Stress Approach -Sheppard's Model
Since 1989, a number of fatigue models have been developed for spot-welds based on the structural stress concept. Structural stress is a linearly distributed stress over the thickness, obtained by neglecting the effect of stress concentration. Structural stress reflects the effects of forces and moments at the spotweld center or edge. Structural stress is usually calculated by superposing the effects of different forces and moments, obtained from linear elastic FE simulations. To suit this approach, the sheets and spotwelds in the FE model are represented by shell and beam elements, respectively. The structural stress approach, as opposed to many fracture mechanics-based models, often provides enough flexibility to be applicable to different specimens and structures. Therefore, these models are widely employed in industry, including the automobile industry [42] . However, some weak points are also associated with this approach. A serious shortcoming is that the notch effect at the spot-weld edge is ignored [42] . 
where is the structural stress range. and are membrane load and axial force ranges, respectively. is the effective coupon width and according to Wang et al. [44] was defined as . The subscript represents the sheet ( =1 for the bottom sheet, and =2 for the top sheet), and the subscript represents the side ( =1 for the right side, and =2 for the left side). The bending moment, , was defined as , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   19 where is the summation of positive moments on the sheet and the side , and is the average of all positive nodal moments at elements adjacent to the spot-weld. The moments causing tension at the interface are considered as positive moments. Figure 13 illustrates the forces and bending moments at the edges of a spot-weld.
Forces and moments were determined from linear elastic FE simulations. The sheets were represented with four-node linear shell elements, and the spot-weld was modeled with a two-node linear beam element. Material properties for AZ31B-H24 magnesium alloy was linear elastic ( =43 GPa and =0.35);
hence, any strain hardening and asymmetric hardening behavior was suppressed. Nonlinear geometry was included for a correct failure location prediction [45] . The FE models and boundary conditions for tensileshear and cross-tension specimens are illustrated in Figure 14 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   20 The results for forces and moments are stored in nodal force (NFORC) output variables in Abaqus 6.10 software. One should note that the default setting for averaging element output at nodes has to be deactivated, so that the contribution of each element is represented correctly.
According to equation (10), four values were obtained for the structural stress range at each spot-weld.
Maximum structural stress range, ,
were found for SIF and life calculations. Initial and final crack sizes were assumed to be = 0.25 mm and , respectively. Therefore, the relationship to find crack propagation life through Paris' equation was simplified to (13) where is crack propagation life. and are material constants for Sheppard's model which are determined following the same procedure explained for Swellam's model.
Local Strain Approach -Pan's Model
Some studies, in contrast to the fracture mechanics approach, consider a spot-weld as a blunt notch with a finite radius. Therefore, a detailed FE model with a fine mesh at the vicinity of the spot-weld is required. A measure of local strain at the spot-weld edge is often assumed to control fatigue failure in this approach. Local stress/strain values are calculated from an elastic-plastic FE simulation, or from an elastic solution along with a variant of Neuber's rule [46] . An advantage of this approach is that the effect of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   21 spot-weld notch is considered. Also, cyclic characteristics of materials, e.g., anisotropy and hardening asymmetry, may be accounted for. On the other hand, crack propagation is not considered in local strain models. Moreover, complexities of FE model preparation, as well as intensive FE calculations, restrict the applicability of this approach for real-life problems.
Pan in 2000 [45] showed that Sheppard's model is capable of successfully predicting fatigue life of steel spot-welds, as long as the sheets being welded have the same thickness, but that the model fails for dissimilar thicknesses. To tackle this problem, Pan in 2002 [19] proposed a model based on the local strain approach.
A detailed FE model was employed in this model to obtain a realistic approximation of local stress and strain values at the hot-spot. The FE model included details of the nugget root radius, which was found from experimental observation. The notch radius was obtained by sectioning spot-welds, and measuring the distance between the two sheets in the vicinity of the nugget. The notch radius in Pan's work was 0.076 mm for steel spot-welds [19] . Measurements in the current work indicated that the average notch radius for magnesium spot-welds was 0.10 mm, Figure 11 .
The maximum principal strain range at the hot-spot was used as the fatigue damage parameter.
Therefore, fatigue life was predicted using the following equation,
in which is maximum principal strain range and and are material constants for Pan's model. These constants are found by fitting a linear trend line to log -log curve. The hot-spot was identified as the location with the maximum local principal strain at the end of the first reversal.
Maximum principal strain range, according to Pan [19] , is the difference in the principal strain at the end of the loading and unloading reversals.
The FE model for a TS specimen is shown in Figure 15(a) . Half of the TS specimen was modeled, taking advantage of a plane of symmetry. Eight-node linear brick elements with reduced integration were used in this model. Elastic properties of magnesium along with the tensile stabilized cyclic stress-strain 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   22 curve were assigned to AZ31B-H24 sheets (symmetric tension-compression behavior is assumed in Abaqus software). The same material properties were assigned to the base metal and the weld area, i.e.,
HAZ and FZ, due to lack of suitable mechanical properties for the weld region. Moreover, the work by Pan [45] on HSLA steel showed that nonhomogeneous material properties had a minimal effect on principal strain distribution, nor on the hot-spot location. The Mises criterion was employed as the yield function and kinematic hardening was used to represent the Bauschinger effect. Figure 15(b) illustrates the boundary conditions at the two ends, and on the plane of symmetry. All degrees of freedom (DOFs)
were fixed in one end, and the other end was only free to move in the x-direction. The z-symmetry condition (Uz=0) was applied to the plane of symmetry. Half of the load that was applied in the experiments was exerted due to the half model. Simulations were run for three steps to simulate three consecutive reversals, i.e., loading, unloading, and reloading, while considering the effect of nonlinear geometry. The principal strain ranges at the hot-spot were calculated for available experimental loads. The notch radius, element type, and material properties were the same as the TS specimen model. The boundary conditions on the CT specimens were applied such that the experimental conditions were simulated. All DOFs on one sheet were fixed within the gripping distance, and on the other sheet the translational DOF normal to the sheet was free, and the other DOFs were fixed. A quarter of the experimental load was applied uniformly on the moving end of the specimen. Two different symmetry boundary conditions (x-symmetry, and z-symmetry) were applied to the symmetry planes. Similar to the TS model, three loading steps were run for CT specimens to simulate one cycle. 
Results and discussion
The fatigue models proposed by Swellam, Sheppard, and Pan were assessed by predicting the fatigue life for magnesium spot-welds. Results are shown and compared in Figure 16 .
The damage parameter for Swellam's model was found from equation (6) . The graphs in Figure 16(a) illustrate the results for the five specimen sets investigated. Figure 16 (a1) displays the data points in terms of the damage parameter along with a bilinear trend line as a result of a sharp bend at a life of 10 6 cycles.
As depicted in this figure, data points for CT specimens (Set G) were not appropriately correlated to TS specimens, resulting in a low correlation coefficient of =0.53. Similarly, Figure 16 (a2) shows that while TS data points were mostly located within the factor of 2 bound lines, CT specimen results were left outside the region. The reason for the poor performance is the proposed method for SIF calculation. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   24 Swellam suggested obtaining SIFs from resultant forces and moments at the center of the spot-weld; therefore, the effect of self-equilibrating forces and moments is ignored in this model. For CT specimens, the resultant bending moment, , and the corresponding SIF, , are zero. Thus, the contribution of bending moment in SIF, which is dominant for CT specimens, is neglected in this model.
For evaluating Sheppard's model, the coefficient for the axial stress term, , was found for magnesium spot-welds to represent boundary conditions and geometric effects. The coefficient was obtained from the work by Young and Budynas [47] . The values obtained for different sets of spot-welded specimens are listed in Table 4 . The forces and bending moment at the nugget edge were found through FE simulations. The structural stress range was calculated for all the experimental data points employing equation (10) and using the coefficients presented in Table 4 . Figure 16 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 26 and Figure 10 illustrates that crack initiation dominates in HCF. On the other hand, Figure 16 (c1)
demonstrates that Pan's model was successful in LCF, even though crack propagation, which is not appropriately modeled in local approach, dominates in LCF. Nevertheless, one should note that this observation does not justify applicability of fracture mechanics approach in HCF and local approach in LCF. Because fracture mechanics and local approaches only explain the effective damage mechanism in LCF and HCF, respectively. Figure 16 demonstrates that, although asymmetric hardening behavior of magnesium was neglected by Sheppard's and Pan's model, fatigue life of spot-welds was well predicted. This is likely due to the limited range of experimental data used. The spot-weld configurations investigated in the present research were limited to TS and CT specimens. Moreover, all fatigue tests were performed with a positive R-ratio due to the specific geometry of specimens. Thus, available experimental data do not provide a situation where significant plastic deformations occur at the hot-spot during unloading and reloading reversals.
Therefore, the symmetric hardening assumption did not have a significant effect on the stress-strain response and fatigue life prediction. More various configurations of spot-welded specimens and negative R-ratios could make this effect clearer.
Conclusions
Magnesium spot-welds were characterized in tensile-shear and cross-tension configurations under cyclic loading. Where possible, magnesium spot-weld behavior was compared to that of steel and aluminum spot-welds. The most common fatigue models were assessed and compared for magnesium spot-welds. The following conclusions can be drawn from this study:
1. Fully-reversed fatigue testing of AZ31B-H24 revealed an asymmetric shape of hysteresis loop. This feature was more pronounced at high strain amplitudes.
2. Fatigue strength of magnesium spot-welds is comparable to that of aluminum spot-welds, but is significantly less than steel spot-welds for the similar ratio. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   27 3. Fatigue crack initiation life for tensile-shear and cross-tension specimens was 50% and 30% of the total life, respectively. This fraction increased at lives higher than 10 6 cycles such that for run-out tests, the crack initiation life was equal to the interrupted life.
4. The fatigue model proposed by Swellam based on fracture mechanics approach did not provide a satisfactory correlation of the experimental data for tensile-shear and cross-tension specimens. The poor correlation was attributed to neglecting the effect of self-equilibrating forces and moments.
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